Bone mass, architecture, and tissue mineral density contribute to bone strength. As body mass (BM) increases any one or combination of these properties could change to maintain structural integrity. To better understand the structural origins of vertebral fragility and gain insight into the mechanisms that govern bone adaptation, we conducted an integrative analysis of bone mass and microarchitecture in the last lumbar vertebral body from nine strepsirhine species, ranging in size from 42 g (Microcebus rufus) to 2,440 g (Eulemur macaco). Bone mass and architecture were assessed via mCT for the whole body and spherical volumes of interest (VOI). Allometric equations were estimated and compared with predictions for geometric scaling, assuming axial compression as the dominant loading regime. Bone mass, microarchitectural, and vertebral body geometric variables predominantly scaled isometrically. Among structural variables, the degree of anisotropy (Tb.DA) was the only parameter independent of BM and other trabecular architectural variables. Tb.DA was related to positional behavior. Orthograde primates had higher average Tb.DA (1.60) and more craniocaudally oriented trabeculae while lorisines had the lowest Tb.DA (1.25), as well as variably oriented trabeculae. Finally, lorisines had the highest ratio of trabecular bone volume to cortical shell volume ($3x) and while there appears to be flexibility in this ratio, the total bone volume (trabecular þ cortical) scales isometrically (BM 1.23 , r 2 ¼ 0.93) and appears tightly constrained. The common pattern of isometry in our measurements leaves open the question of how vertebral bodies in strepsirhine species compensate for increased BM. Anat Rec,
INTRODUCTION
Strepsirhine primate body mass, positional behavior, and lumbar vertebral body morphology appear to be strongly correlated (Majoral et al., 1997; Shapiro and Simons, 2002; Shapiro, 2007) . More recent reports suggest that strepsirhine lumbar vertebral body length and lumbar region length scale isometrically but positive allometry has also been reported for the lumbar region length (Majoral et al., 1997) . Nevertheless, investigators have consistently noted that key morphological differences are found among strepsirhines with different trunk orientations and locomotor mode. Taxa whose torso is typically pronograde during postures and locomotion (i.e., arboreal quadrupeds) have relatively longer lumbar vertebral bodies and more lumbar vertebrae that contribute to increased stride length through flexionextension of the torso (Shapiro and Simons, 2002) . Orthograde taxa such as galagine vertical clingers and leapers also have relatively long lumbar vertebral bodies, but have fewer lumbar vertebrae so the lumbar region is relatively short, presumably to provide more stability in regular orthograde postures. Lorisines, which are considered "anti-pronograde" taxa, have relatively short lumbar regions presumably due to their highly variable movement patterns during slow climbing, underbranch and branch-bridging locomotion, and a concomitant need for more stiffness. In addition, the lorisine vertebral body has a relatively greater surface area (ventrodorsal and mediolateral increases) which is considered an adaptation to greater load transfer through the spine during anti-pronograde postures and locomotion (Shapiro, 2007) .
The strepsirhine primate lumbar vertebral body, like those of other primates, is a short bone with a composite structure made of trabecular bone surrounded by a thin cortical shell. Experimental and computational studies using human vertebrae (Rockoff et al., 1969; McBroom et al., 1985; Yoganandan et al., 1988; Silva et al., 1997; Eswaran et al., 2006) have investigated the relative contributions of these two tissues to lumbar vertebral body strength in axial compression and found that the cortical shell carries up to 45% of compressive loads depending on the region (maximum load at middle third of craniocaudal length), indicating that the role of trabecular bone in vertebral body strength is primary (Silva et al., 1997; Eswaran et al., 2006; Fields et al., 2009 ). However, the cortical shell's contribution to strength may be greater if the associated trabecular bone is poorly organized (low anisotropy) (Silva et al., 1997) or if bending is the primary mode of loading (Fields et al., 2009) . Although axial compression is likely to be the major mode of lumbar vertebral body loading across most species (Smit, 2002) , bending loads will also occur. In humans, it is in this latter condition that the cortical shell's contribution to load bearing (e.g., Fields et al., 2009) may increase. The variety of positional behaviors among strepsirhines and other primates provides an opportunity to better understand the integrated function and mechanics of trabecular and cortical bone in lumbar vertebral bodies.
Body mass is an extremely important consideration in comparative studies of bone structure and mechanics. In general, joint forces should increase with increasing body mass, placing mechanical demands on the joint to increase in size or to alter the underlying bone mass, tissue density, or structure. In the lumbar vertebral body, adaptations to body mass could lead to several changes, including increased endplate cross-sectional area and/or changes in the trabecular or cortical bone relative volume, micro-architecture, or tissue density. For example, since trabecular bone may carry more of the load in lumbar vertebral body compressive loading, an increase in the vertebral body trabecular bone apparent density or bone volume fraction and the cross-sectional area would increase its compressive strength (Silva et al., 1997; Fields et al., 2009) . Evidence indicates that vertebral body cross-sectional area scales isometrically (Shapiro and Simons, 2002) but no data exist regarding the scaling of strepsirhine trabecular bone volume fraction or any other architectural parameters. In contrast, data do exist for hominoids that indicate the cross-sectional area of the endplate, bone mass, and vertebral body length all increase isometrically with body mass in the eighth thoracic vertebral body whereas the trabecular bone volume fraction is invariant, trabecular thickness scales with negative allometry, and trabecular number scales with positive allometry as body mass increases Hernandez et al., 2009 ).
Beyond Cotter et al.'s (2009) work, few scaling studies have been published and the general impressions from trabecular bone studies suggest that scaling patterns are unclear. Patterns of trabecular bone scaling appear to depend on the anatomical site, taxa, and body mass range of the sample. Some studies of primate proximal femur trabeculae have suggested that Tb.Th is invariant with body mass (MacLatchy and Mü ller, 2002; Ryan and Ketcham, 2002; Fajardo et al., 2007b) . In contrast, broad mammalian studies suggest that Tb.Th scales with negative allometry in the femur and humerus (Swartz et al., 1998; Doube et al., 2011) . However, the Tb.Th scaling exponents are generally isometric for chiropteran proximal femora and humeri (Swartz et al., 1998) , suggesting that within mammals scaling exponents may differ depending on the level of taxonomic resolution or locomotor behavior of the sample. Other data suggest that trabecular thickness increases sharply between mouse and pig or bovine but thickness increases are negligible between humans and elephants or whales (Mullender et al., 1996) . In murine and human ontogeny, trabecular thickness and number positively correlate with age and body mass until body mass increases level off (Halloran et al., 2002; Glatt et al., 2007; Parsons et al., 2007; Gosman and Ketcham, 2009 ).
Here we report the results of a comparative study of strepsirhine primate last lumbar vertebral body microstructure, including trabecular bone and the cortical shell. We chose the last lumbar vertebral body because this ensured positional/anatomical homology across species with varying numbers of lumbar vertebrae (Shapiro et al., 2005) . We investigated scaling trends in nine species that ranged 57-fold in body mass (42.5 g to 2,400 g) and included pronograde, orthograde, and anti-pronograde positional behavior groups (Shapiro and Simons, 2002; Shapiro, 2007) . We tested the hypothesis that trabecular and cortical shell structure increase isometrically. As noted above, scaling exponents vary across studies, bones, and sample body mass ranges. The prediction of isometry is supported by that fact that lumbar vertebral body gross dimensions, such as endplate cross-sectional area, vertebral body length, and lumbar region length scale with geometric similarity in strepsirhine primates as a group (Shapiro and Simons, 2002; Shapiro, 2007) , even though trends differ between groups of strepsirhine primates (Shapiro and Simons, 2002) . Furthermore, since our sample consists of mixed positional behavior groups it may cause an averaging of the individual scaling trends as is seen in the relationship of articular surface areas and body mass among anthropoid primates (Godfrey et al., 1991) . Tests of dynamic strain similarity would be more appropriate in a study sample that consisted of a single, closely related positional behavior group, in particular terrestrial quadrupeds.
MATERIALS AND METHODS
The last lumbar vertebrae of nine adult strepsirhine primate species (n ¼ 29) were used in this study. The sample consisted of species that ranged in body mass from 42.5 g (Microcebus rufus) to 2,440 g (Eulemur macaco) (Smith and Jungers, 1997) . Included in this sample were orthograde (vertical-clinging and leaping), pronograde (quadrupedalism), and anti-pronograde taxa (branch-bridging, suspensory) (Table 1 ; Shapiro and Simons, 2002) . Exclusion criteria for any specimen included clear signs of ankylosing spondylitis (and any other vertebral degenerative joint disease) or long bone fractures. Individuals were pooled within a species without regard to sex because several specimens lacked records and these species show little sexual size-dimorphism (Smith and Jungers, 1997) . All materials were borrowed from the following museums: American Museum of Natural History (AMNH), the Museum of Comparative Zoology at Harvard University (MCZ), the Yale University Peabody Museum of Comparative Zoology (YPM) and the University of Zurich.
lCT Imaging Volumetric X-ray images of the vertebrae were acquired with a lCT system (lCT-40-Scanco Medical AG). Each vertebra was positioned in a cylindrical sample holder and secured using a synthetic foam mold. Scans were acquired in air with a 55 kV source, 114 lA current, 250 msec CCD camera exposure time, and 1,024Â1,024 pixel matrix. The field of view was adjusted in each species to achieve the smallest cubic voxel dimensions. Voxel dimensions ranged between 12 lm 3 and 36 lm 3 (Table 1) . Two volumes of interest (VOIs) were created to characterize the whole vertebral body's (vb) (1) trabecular bone (Tb) and (2) cortical bone (Ct) shell using image analysis tools associated with the scanner. The protocol described below generally follows Fajardo et al. (2007a) . Each lCT scan produced a three-dimensional stack that could be viewed slice by slice. Beginning 10 slices caudal to the last visual evidence of the cranial growth plate, we used a region of interest (ROI, which is a two-dimensional area) drawing tool to outline either the vertebral body's marrow cavity including all trabecular bone or the cortical bone shell. This process was repeated until a plane 10 slices cranial to the caudal growth plate was reached. The 10-slice buffer from both growth plates was chosen to avoid the transitional zone between the trabecular bone and the dramatically thinner and more abundant growth plate/endplate bone tissue. For the trabecular bone, ROI outlines followed the endosteal border of the vertebral centrum (Fig. 1a-c) . A two-dimensional three pixel radial peel was applied to ensure that no cortical bone was included in the trabecular bone VOI. The cortical bone ROI was constructed by outlining the periosteal and endosteal boundaries of the cortical shell ( Fig. 1d-f) . At levels where the pedicles or transverse processes interrupted the cortical shell contiguity, the ROI was interrupted as well. The number of slices represented in each VOI ranged from 123 (Galago senegalensis) to 391 (Perodicticus potto) and the average was 252. In M. rufus, the species with the lowest body mass in the sample, the total height of the vertebral body VOI (vbVOI) was 2.4 mm or greater, which included virtually all the trabecular bone between the epiphyses. It is clear from three-dimensional images (Fig. 2) of the trabecular bone VOI that numerous trabeculae and inter-trabecular lengths (Harrigan et al., 1988) are sampled in this volume.
We also performed regional analyses of the cranial (cr) and caudal (ca) vertebral body trabecular bone using Quant3D (Ketcham and Ryan, 2004) . Analyses were performed in spherical VOI centrally positioned on the images representing the 20th percentile and 80th percentile slices of the vbVOI (Fig. 1a-c) . Once positioned, these spherical VOI were expanded until either the VOI boundary approached (1) a cortical bone endosteal border and/or (2) the cranial/caudal limits of the image slice stack. In general, the cortical bone boundary limited the VOI expansion in the smaller taxa and the image slice stack limited the VOI expansion in the larger taxa. In approximately 80% of the cases, this procedure successfully positioned the VOI within the endosteal boundary and at the stack limits (either cranial or caudal maximum). However, in cases where the VOI was within the endosteal boundary but not at the image stack limit (endplate boundary), the VOI was repositioned cranially/ caudally to satisfy this criterion as well. All VOI excluded the most cranial and most caudal slice of the image stack. Table 1 lists the average spherical diameter per species. We sampled the cranial (crVOI) and caudal (caVOI) extremes of the vertebral body because these regions contain the greatest mass of trabecular bone and should carry the greatest fraction of the load. The sizes of these specimens, vertebral body morphologies (midheight narrowing), and our sampling protocol constrained our spherical VOI to less than 5 mm in diameter. In many cases, the volume sampled over three to five intertrabecular lengths (Harrigan et al., 1988) , but it is best to consider that the continuum mechanics assumptions of trabecular bone may not apply well to these smaller VOI (Harrigan et al., 1988) , unlike the case in the trabecular bone vbVOI.
We performed the spherical regional analyses for two reasons. First, previous work on humans indicates that trabecular architecture varies across and within vertebral bodies (Gong et al., 2005; Chen et al., 2008) . Regional variation has never been investigated in strepsirhine primate vertebral bodies. Also, in light of concerns raised about measuring the degree of anisotropy in arbitrary volumes (Ketcham and Ryan, 2004; Gosman and Ketcham, 2009 ), we felt it important to perform another analysis that would provide an alternative view on the relationships between positional behavior and trabecular bone architecture. We measured BV/TV, Tb.Th, Tb.N, and the MIL-DA with the Quant3D method.
Trabecular bone VOI data (whole body and spherical VOI) were processed with an adaptive, iterative threshold (detailed in Ridler and Calvard, 1978; Trussell, 1979; Ryan and Ketcham, 2002; Meinel et al., 2005; Maga et al., 2006) . In the vbVOI, the following three-dimensional trabecular bone structural and fabric properties (Table 2) were measured without any model assumptions (Parfitt et al., 1983; Guldberg et al., 2003) or concern for caveats related to measurements in two dimensional sections (i.e., stereology, Underwood, 1970; Weibel, 1979 Weibel, , 1980 : trabecular bone volume (Tb.BV), trabecular bone volume fraction (Tb.BV/TV), structure model index (Tb.SMI) (Hildebrand and Ruegsegger, 1997a) , trabecular number (Tb.N) (Hildebrand et al., 1999) , trabecular thickness (Tb.Th) (Hildebrand and Rü egsegger, 1997b) , trabecular separation (Tb.Sp) (Hildebrand et al., 1999) , connectivity density (Tb.Conn.D), and the degree of anisotropy (Laib et al., 2000; Fajardo et al., 2007a) . This degree of anisotropy (DA) method has been described previously (Laib et al., 2000; Fajardo et al., 2007a) . In brief, this method uses the surface normal orientations from an object's triangulated surface mesh (hundreds to thousands of points) to determine an orientation distribution. This distribution approximates the inverse of the mean intercept length (MIL) directional distribution and is subsequently fit to an ellipsoid using a least square approach. This approach has been used in the anthropological literature by several investigators, including most recently Shaw and Ryan (2012) , DeSilva and Devlin (2012) , and Wallace et al (2012) . In the crVOI and caVOI we measured Tb.BV/TV, Tb.Th, and Tb.N. In all three VOI, the Tb.BV/TV was measured as the percentage of bone voxels to total VOI voxels after thresholding. In the spherical VOI, unlike the vbVOI, trabecular thickness and trabecular number were not measured using the standard distance transform methods (Hildebrand and Rü egsegger, 1997b; Hildebrand et al., 1999) . Trabecular thickness, as previously described, was measured as the shortest intercept length at 1000 randomly positioned points in bone (Ryan and Krovitz, 2006; Gosman and Ketcham, 2009 ). Quant3D measures trabecular number as the number of intersections between the bone surface and a superimposed grid of lines normalized by the grid line length (Ryan and Krovitz, 2006; Gosman and Ketcham, 2009 ). Finally, the degree of anisotropy was measured in each spherical volume using Quant3D's mean intercept length module (Ketcham and Ryan, 2004) . As already described, this module uses a directed secant sampling method to quantify the degree of anisotropy in three dimensions. We focused on the MIL(H)-DA technique so that anisotropies were all based on MIL-like protocols (vbVOI, crVOI, and caVOI). The settings for the MIL(H)-DA analyses were 513 uniform orientations with random rotations.
Cortical bone image data were processed using the threshold determined for vbVOI trabecular bone analyses. Cortical bone shell volume (Ct.BV) and thickness (Ct.Th) were measured in the cortical bone VOI after image processing.
Vertebral body cross-sectional area (CSA) was measured at a cranially positioned site in the vertebral body. It was measured on a single slice located caudal to the first slice in the vbVOI (cortical bone VOI always had the same height). The exact location was a distance 4% caudal to the most cranial slice of the vbVOI. This one slice protocol was implemented after a test on fourteen specimens indicated that vertebral body CSA showed negligible differences if measured on one, three, or six slices.
Vertebral Body Interspecific Allometry
We examined the relationship between body mass and the properties of the vertebral body to better understand how vertebral body size and microstructure scale as body mass increases interspecifically. These relationships were investigated in all VOI through correlation (e.g., dimensionless variables such as BV/TV) and regression methods using species means. We used published body masses for each species (Smith and Jungers, 1997) because samples were rarely associated with known body masses. Data were log-transformed (natural log, Ln) and analyzed using a reduced major axis (Type II) model. We used the software SMATR (Warton and Weber, 2002; Warton et al., 2006) to perform these regression tests. We also used a phylogenetic generalized least squares (PGLS) approach to analyze the same data (Martins and Hansen, 1997) using the software COMPARE 4.6b (Martins and Hansen, 1997) . We used species means and PGLS analyses to remain conservative in our approach, following recommendations by Nunn and Barton (2001) . In addition, it has been reported that cortical bone properties carry a phylogenetic signal (O'Neill and Dobson, 2008) . No similar study has been undertaken for trabecular bone tissue, but we chose to include phylogenetically-sensitive analyses to remain conservative in our approach rather than assume no influence of phylogeny. It is important to note that use of species means assumes negligible variation. We report the coefficients of variation along with other descriptive statistics to facilitate appreciation of intraspecific variation.
The phylogenetic information and branch lengths for the analysis were culled from several sources, including Yoder (2004), Chatterjee (2009), Seiffert et al. (2003) , Seiffert (2007), Masters et al. (2007) , Smith and Cheverud (2002) , Matsui et al. (2009), and Purvis (1995) . Our working phylogeny is reported in the Appendix in Newick notation. In addition, we performed ANCOVAs using SMATR to compare the vbVOI and spherical VOI results for Tb.BV/TV, Tb.DA, Tb.Th, and Tb.N. In these analyses, the natural log of body mass was the independent variable. We tested for common slopes across the three VOI and elevation shifts, if slopes were similar.
Confidence intervals of the slope were calculated in all regression tests. We compared the scaling exponent with the prediction for isometry. Clear statement of the assumed loading mode is important because it will impact the scaling predictions (Swartz et al., 1998) . We assumed axial compression was the primary mode of loading in all taxa. Axial compressive loading is unlikely to be the only mode of loading, but evidence suggests that it is an important component of bipeds and quadrupeds (Smit, 2002) . The isometry prediction value depends on the variable of interest and its dimensionality. For example, the trabecular bone volume fraction (Tb.BV/TV), a ratio of the bone volume to total volume, should be invariant with changes in body mass since trabecular bone volume (Tb.BV) and total volume should scale isometrically (BV 1 M, TV 1 M). For linear variables, such as the Tb.Th and Tb.N, the isometric predictions are M 1/3 (or a slope of 0.33 in log-log regression) and M À1/3 , respectively. The Tb.N expectation is negative because the total volume and distances between trabeculae are also absolutely increasing as body mass increases, thereby decreasing the linear density (number of trabeculae per millimeter) of the trabeculae as mass increases. The different isometry predictions for all variables are listed in Table 3 .
Trabecular thickness and other measurements have been shown to be resolution dependent (Mü ller et al., 1996) . Voxel sizes, in general, were larger for higher body mass species. As a result, trabecular thickness and other parameters could be correlated with body mass and voxel size. We calculated the partial and semipartial correlation coefficients to determine the strength of the relationship between Tb.Th and body mass when voxel size is controlled. Statistical significance of the partial correlation coefficient was determined using the F-statistic.
Mutual Associations of Trabecular Bone
Species means were used in analyses of the mutual associations of trabecular bone. We focused on two particular relationships. First, we examined the association between BV/TV and all other structural features, then between the DA and all other structural features. The focus was placed on these two parameters because they represent the relative quantity and fabric organization of the trabecular bone lattice, the two primary microarchitectural variables contributing to the strength and stiffness of trabecular bone (Turner et al., 1990; Turner, 1992) . These relationships were analyzed interspecifically with parametric and non-parametric correlation tests.
RESULTS Scaling
The descriptive statistics (mean, standard deviation, and coefficients of variation) are listed in Table 4 . Coefficients of variation are not provided for the SMI since these values can be positive and negative in sign and will provide a misleading indication of variability.
Tb.BV/TV results were similar across all VOI and demonstrated an apparent nonlinear relationship with body mass whereby Tb.BV/TV increased as body mass (BM) increased through about 700 g in all VOI (Fig. 3a) but then plateaued. All Tb.BV/TV values peaked around the 500 to 750 g BM range but the crVOI Tb.BV/TV had a lower peak in this size range compared with the two other VOI. Parametric analyses indicated that the relationship between Tb.BV/TV and BM was significant in the crVOI but Tb.BV/TV was invariant in the other two VOI. The nonparametric correlation coefficients were significant in all three VOI (Table 5 ). The Tb.DA ranged between approximately 1.20 and 1.69 in the sample and was invariant with BM ( Fig. 3b, more closely associated with cranio-caudally oriented trabeculae in the last lumbar vertebrae (Fig. 4) . The Tb.SMI showed a weak significantly decreasing association with BM (Table 5) . Tables 6 and 7 provide the results of the RMA and PGLS scaling analyses, respectively. Data are reported in two separate tables but it is important to note that the Model II and phylogenetic analytical approaches produce similar results. For example, Tb.Th increased isometrically (Tables 6 and 7 , Fig. 5a ) with BM across all the VOI. Although RMA scaling exponents were similar across the VOI (critical value: 0.003, P ¼ 1.0), ANCOVA analyses (RMA) indicated that trabeculae were significantly thicker in the vbVOI (F ¼ 37.38, P > 0.001) compared with the other two volumes of interest. Tb.N showed a similar pattern. The scaling exponents were similar in the three VOI (Tables 6 and 7 , Fig. 5b ) and centered aroundÀ0.20, which suggested that this parameter scaled with weak positive allometry since the expectation for isometry wasÀ0.33. The only exception to this pattern was the result for the crVOI RMA, where the confidence limits included isometry. ANCOVA analysis on the RMA regressions indicated that the crVOI and caVOI regressions were significantly elevated relative to the vbVOI (F ¼ 10.129, P ¼ 0.001). Trabecular separation increased with slight negative allometry (Tables 6 and 7) , most likely as a result of the positive allometry of Tb.N.
Body mass and voxel size correlated significantly with Tb.Th but the BM partial correlations were much higher than those for voxel size in all VOI (Table 8 ). The BM partial correlations were lower but remained significant when a subsample of specimens was analyzed but the voxel size partial correlations were not significant. Semipartial correlations (not shown) were similar for BM but decreased for voxel size in all VOI.
Cortical shell thickness increased isometrically with BM (Tables 6 and 7) , and showed only a weak negative trend with Tb.DA (Fig. 6) . Vertebral body CSA, scaled isometrically as BM increased. The scaling exponent was high (>0.80), but the confidence limits of the slope were wide and included isometry (0.67, Tables 6 and 7) .
The ratio of trabecular to cortical bone volume within the vbVOI varied between one and three (Table 4 , Fig.  7a ). Five of nine species invested equally in trabecular and cortical bone in the last lumbar vertebral body. These species included M. rufus, M. murinus, G. senegalensis, L. leucopus, and E. macaco. Approximately twice as much trabecular bone versus cortical bone was found in the vertebral bodies of C. medius and L. mustelinus. The two anti-pronograde lorisines, N. coucang and P. potto had the highest ratios of trabecular bone to . In these grey images, ventral is to the left of the image and dorsal to the right, cranial is toward the top of the page and caudal toward the bottom. Graphical representations (three-dimensional rose diagrams) of the anisotropy data produced by Quant3D are shown for two slightly different views. In the samples with high anisotropy, the clouds of data take on the shape of a narrow ellipsoids emphasizing the cranio-caudal orientations to the trabeculae. In the P. potto, the cranio-caudal orientation still predominates but the ellipsoid's fullness at its mid-substance suggests that other orientations in the mediolateral as well as dorsovental directions are represented moreso than in species such as L. mustelinus and G. senegalensis. L.m., Lepilemur mustelinus, G.s., Galago senegalensis, C.m., Cheirogaleus major, and P.p., Perodicticus potto. Scale bars equal 0.5 mm. (isometry), with individual variability in some species (Fig. 7b,c) . The relationship between Ct.BV and Tb.BV was isometric when analyzed with the reduced major axis method: (i) slope ¼ 0.85 (R 2 ¼ 0.94, confidence limits 0.69-1.04, P > 0.001) for species means and (ii) slope = 0.9 (R 2 ¼ 0.68, confidence limits 0.72-1.12, P > 0.001) for individual data. However, PGLS analyses indicated that Tb.BV increased greater than Ct.BV. The slope for this Table 4 for other abbreviations.* P < 0.05, ** P < 0.01, *** P < 0.001. regression ( Fig. 7b) was 0.79 (P > 0.001), the R 2 was 0.93, and the confidence limits of the slope were between 0.64 and 0.95. Finally, total vertebral body bone volume (Ct.BV þ Tb.BV) increased isometrically with body mass (Fig. 7d , Tables 6 and 7) .
We calculated an index of vertebral body trabecular bone strength in compression that took into account the relative bone mass and the size of the vertebral body (Tb.BV/TVÂCSA). The scaling exponent was near 1 and over 90% of the variance in this index could be explained by variation in body mass (Fig. 8) .
Mutual Associations
The Tb.BV/TV correlated significantly with several variables (Table 9 ). Among the trabecular bone structural parameters, numerous measurements (e.g., Tb.Th, Tb.Sp) were significantly correlated (data not shown) but only the Tb.DA was independent of all other measurements (Table 9 ). These relationships were similar when individual data were analyzed with the RMA method (data not shown). 
DISCUSSION
This study of strepsirhine last lumbar vertebral body bone microstructure in small to medium-sized species suggests that many structural variables scale isometrically with body mass. These patterns are generally consistent with macrostructural lumbar vertebral trends identified for strepsirhines (Shapiro and Simons, 2002; Shapiro, 2007) and the fact that this sample consists of a heterogeneous collection of positional behaviors and locomotor modes. Two important parameters to focus on are the Tb.BV/TV and Tb.DA since these two parameters combined can explain up to 90þ% of the variance in trabecular bone strength and stiffness (Turner et al., 1990) . Relative trabecular bone volumes were similar across the three VOI (Table 4 , Fig. 3a) . The RMA and PGLS analyses indicated that Tb.BV/TV is not correlated with BM in the vbVOI and caVOI, as predicted by the isometry model. The same analytical approaches indicated that Tb.BV/TV in the crVOI scaled with positive allometry. This trend could not be too strong considering the similarity in Tb.BV/TV values across all VOI. Regardless of the VOI analyzed, there appeared to be two different trends in the data above and below the 600 g to 700 g mark. Specifically, the Tb.BV/TV increased with body mass then plateaued after about 600 g to 700 g. This apparent nonlinear trend is supported by the fact that the Spearman's rho values were always higher than the parametric correlations and significant in all three VOI. Pearson's product-moment correlation test is sensitive to linearity while Spearman's correlation test is not (Zar, 1984) . It will be interesting to see if this apparent non-linear trend maintains after more species are included to fill in the gaps between 1,200 g and 2,500 g as well as >2,500 g. In comparison with other strepsirhine anatomical sites, femoral head Tb.BV/TV appears to be invariant in strepsirhines (MacLatchy and Mü ller, 2002; Ryan and Ketcham, 2002) . The pattern is unclear in the strepsirhine femoral neck, G. senegalensis femoral neck Tb.BV/ TV is 45% lower than that in P. potto (MacLatchy and Mü ller, 2002) but no other data are available. It is possible that interspecific BV/TV patterns may be size-and site-dependent within strepsirhines. Trabecular bone volume fraction is likely to have an upper limit because otherwise elements/joints become petrotic and the ability of the trabecular bone to transfer loads decreases and joint health is compromised (Currey, 2002) .
The material fabric (e.g. Tb.DA) is an important correlate of trabecular bone's mechanical properties (Turner et al., 1990 ) and has been implicated as a correlate of positional behavior in strepsirhine femora (MacLatchy and Mü ller, 2002; Ryan and Ketcham, 2002) . In this study, last lumbar vertebral body Tb.DA appears to be the one truly independent variable; it is not correlated with BM and does not correlate with any other structural parameter. However, Tb.DA appears to contain a positional behavior signal (Fig. 3b) . First, the Tb.DA results clearly distinguish G. senegalensis and lorisines in our sample, similar to reports for the proximal femur (MacLatchy and Mü ller, 2002; Ryan and Ketcham, Tables 2 and 5 for explanations. *P < 0.05, **P < 0.01, ***P < 0.001.
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2002). Second, in this data set, the average orthograde, pronograde, and anti-pronograde Tb.DA values decrease, from 1.60 to 1.49 and 1.25, respectively. The anti-pronograde mean Tb.DA is significantly different from the pronograde and orthograde groups. The orthograde mean is also higher than the pronograde average anisotropy value, but the means are not significantly different. This ability to roughly discern positional behaviors with Tb.DA is generally consistent with trends in the strepsirhine femoral head and neck, but stands in contrast to patterns observed in the hominoid thoracic spine ) and anthropoid proximal femur (Fajardo et al., 2007b; Ryan and Walker, 2010) . Trabecular thickness increased isometrically while Tb.N scaled with positive allometry. This suggests that trabeculae are similar in thickness relative to body size but more numerous at larger and larger body sizes. These scaling relationships were influenced more by body mass changes in the sample than voxel size changes, as demonstrated by the partial correlation results. At present, reconciling these strepsirhine lumbar vertebral body data with other comparative and scaling studies is challenging. Studies vary in trabecular morphometric approaches (three-dimensional direct transformation, two-dimensional plate model, and twodimensional direct measures), taxonomic samples, target bones, the size variable used to determine allometric equations (femoral head radius, estimated body mass from skeletal dimensions, and published species body mass averages) and scaling results (Mullender et al., 1996; Swartz et al., 1998; Fajardo and Mü ller, 2001; MacLatchy and Mü ller, 2002; Ryan and Ketcham, 2002; Fajardo et al., 2007b; Cotter et al., 2009; Ryan and Walker, 2010; Doube et al., 2011) . The few studies that have investigated comparative strepsirhine trabecular bone architecture have not assessed the scaling relationships quantitatively. Limited evidence from the strepsirhine femoral head and neck suggested Tb.Th increased from G. senegalensis to P. potto, with a potentially stronger trend in the femoral neck (MacLatchy and Mü ller, 2002) . The Tb.N decreases from G. senegalensis to P. potto in the femoral head but the same did not hold for the femoral neck (MacLatchy and Mü ller, 2002) . Several studies of the primate proximal femur (MacLatchy and Mü ller, 2002; Ryan and Ketcham, 2002; Fajardo et al., 2007; Ryan and Walker, 2010) , sampling from different sites therein, and with different approaches, reported invariance of Tb.Th and other parameters with body mass. Recently, Cotter et al. (2009) reported trabecular bone scaling relationships for the eighth thoracic vertebra. They did not directly categorize their results as isometry, positive, or negative allometry, but based on the isometry predictions presented here, those data suggest that Tb.Th scales with negative allometry and Tb.N scales with positive allometry. The apparently slight positive allometry of Tb.N in hominoids matches our result for the strepsirhine spine, while the Tb.Th results are discordant. But Tb.Th negative allometry has been reported for non-volant mammals (Swartz et al., 1998 ) (using species average data as reported in this study). More recently, that result has been corroborated in a large sample of mammals (Doube et al., 2011) . In contrast to the broad mammalian results, Tb.Th scales isometrically and with negative allometry in the femur and humerus of chiropterans (using species average data), respectively (Swartz et al., 1998) .
The investigation of trabecular bone scaling is a very new area of study, as evidenced by the few (3) studies that have actually reported empirical scaling results. The discrepancies in reported scaling results may be influenced by numerous factors, including the body size range of the sample, target bone, and its loading mechanics. To begin with, the body size range of the sample appears to impact the scaling relationship of Tb.Th when the results reported here are compared with those for hominoids and mammals. Femoral, humeral, and vertebral trabecular thicknesses consistently scale with negative allometry in broad samplings of nonvolant mammals and in hominoids (Swartz et al., 1998; Cotter et al., 2009; Doube et al., 2011) . But in those studies the specimen samples included species with body masses much greater than the strepsirhine species sampled here. If, as recently suggested, trabecular thickness approaches a critical upper limit between 400 and 450 mm, then these strepsirhine data may suggest that while negative allometry describes the broad mammalian scaling pattern for Tb.Th, scaling trends will potentially differ and take on steeper slopes (isometry) at smaller body masses. Swartz et al. (1998) noted that the steeper, relatively isometric slopes among bats appear to reflect patterns visible within the overall nonvolant mammal pattern. This steeper scaling pattern would be possible at small body masses since trabeculae are well below the upper thickness limit and do not threaten the ability of osteocytes to receive nutrients from the marrow cavity via diffusion. In addition to body mass, scaling patterns may be influenced by bone and mechanics. For example, one could envision that trabecular thicknesses and slenderness ratios will scale differently in trabeculae depending on the relative amounts of axial compression versus bending experienced by trabeculae, as might exist between the proximal femur and a lumbar vertebra. The limited number of scaling studies and the poor overlap in taxa and body size also leave open the possibility that the strepsirhine example we report here is unique among primate/mammals. This is an open area for research that will be better understood as more data become available.
We used the direct transformation three-dimensional measurement tools to measure Tb.Th and Tb.N in the vbVOI; this analysis package is nearly ubiquitous among packaged (i.e., hardware and three-dimensional analysis software) lCT systems (e.g., Scanco, GE, SkyScan). We also used the Quant3D analysis package developed by Ketcham and Ryan (Ryan and Ketcham, 2002) in the smaller cranial and caudal spherical VOI. Both of these methods have been validated and used in numerous publications in biomedicine (Rü egsegger et al., 1996; Hildebrand and Rü egsegger, 1997b; Bouxsein et al., 2005; Chappard et al., 2005; Glatt et al., 2007; Buie et al., 2008; Bouxsein et al., 2010; Fajardo et al., 2010) and biological anthropology (Fajardo and Mü ller, 2001; MacLatchy and Mü ller, 2002; Ryan and Ketcham, 2002; Ryan and Krovitz, 2006; Fajardo et al., 2007b; Griffin et al., 2010; Wang et al., 2010; DeSilva and Devlin, 2012; Shaw and Ryan, 2012; Wallace et al., 2012) . The lower Tb.N values consistently reported in the vbVOI appear to result from architectural variability within the vertebral bodies. Tb.N visibly decreases in the middle third of all vertebral bodies in Fig. 4 compared with the cranial region, for example. This was confirmed by an analysis of Tb.N in one-third volumes of the vbVOI in all specimens of M. rufus, C. medius, and E. macaco (data not shown). Tb.N was approximately 1.5 times higher in the cranial third of all specimens compared with the middle third region of the trabecular lattice, which was sampled by the vbVOI. In addition, the vbVOI included trabeculae near the endosteal boundary where thicknesses increased as the tissue transitioned to cortical bone. The crVOI and caVOI, on the other hand, sampled trabeculae in the central regions of the cranialand caudal-most vertebral bodies where trabeculae were much thinner. These site sampling differences most likely drove the uniformly higher Tb.Th values in the vbVOI results.
The Tb.BV/Ct.BV data provide novel insight into the interspecific differences/similarities in the construction of the last lumbar vertebral body. This is a short bone comprised of trabecular bone and a thin cortical shell that work together to give it strength (Biggerman and Brinckman, 1995; Currey, 2002) . Assuming compression is the major loading regime in vertebrae (Smit, 2002) , the relative bone mass from each structural type would hint at their contributions to bone strength. A few patterns are evident in the ratios of trabecular bone to cortical shell volume. First, there is some interspecific variability in the construction of the vertebral body. The ratio is approximately one in five of the nine species in this sample (Fig. 7a) and that grouping includes pronograde and orthograde taxa. Second, the lorisines have the largest and most homogeneous investment in trabecular bone in the vertebral body compared with all other taxa. Orthograde and pronograde taxa overlap in this ratio. However, it is impossible at this time to determine whether the lorisine ratio is the result of a unique phylogenetic event or due to positional behavior since the lorisines are the only anti-pronograde taxa in the sample. Also, E. macaco showed considerable intraspecific variability, so it is unclear if lorisines are unique or E. macaco's result depends more on intraspecific variation in a small sample size. Third, the Tb.BV/ Ct.BV generic-level variability of Lepilemur, compared with Microcebus and the lorisines is striking. Lepilemur mustelinus and L. leucopus do not show any overlap. Although Lepilemur is less dedicated to orthograde postures and vertical clinging than other vertical clinging and leaping strepsirhines, thus far both Lepilemur taxa are believed to engage in relatively similar positional behaviors (Nash, 1998; Gebo, 2011) . Clearly, further work is necessary to better understand the determinants of strepsirhine lumbar vertebral body construction and its correlation with phylogeny and lumbar mechanics. The differences notwithstanding, it is important to note that the total bone volume of the vertebral body is the same relative to body mass across species (Fig. 7d) . Overall, these results suggest some flexibility in the construction of the vertebral body as it pertains to the investment of trabecular bone and cortical bone in the shell.
It will be interesting to investigate further whether N. coucang's and P. potto's Tb.BV/Ct.BV ratio is representative of the lorisines. Shell load fraction, or the percent of mechanical load carried by the cortex versus the trabeculae, should decrease as Tb.DA increases because the trabecular bone lattice will be better suited to support the load in conditions of high anisotropy (Silva et al., 1997) . In this context, the Tb.DA and Ct.Th should be inversely correlated. Figure 6 shows the relationship between these two variables in our data set, indicating a weak negative trend, at best. A better interspecific test of this hypothesis might assess a full complement of lorisoids or any study sample with a limited spectrum of positional behaviors.
Following the overall trend, CSA scaled isometrically with BM. The scaling coefficient was high (0.80) but the confidence limits included the 0.66 prediction for isometry. Shapiro and Simons (2002) reported a similar finding based on caliper-based measurements of the endplate. Not surprisingly, the term BV/TVÂCSA, an index for trabecular bone strength in axial compression, scaled isometrically as well (Fig. 8) .
At present, we have only been able to identify minimal evidence for bone mass and architecture changes with increasing body mass that may compensate for the greater loads borne by species of larger size. Vertebral Tb.BV/TV scaled either isometrically or with positive allometry depending on the statistical approach and VOI. In addition, Tb.N scaled with weak positive allometry. These scaling trends may provide sufficient compensation for the greater forces engendered by larger body sizes. However, the fact that the index of vertebral body compressive strength (Tb.BV/TVÂCSA) increased isometrically contradicts this interpretation, at least for axial compressive loading conditions. The common pattern of isometry or invariance in our measurements leaves open the question of how vertebral bodies in strepsirhine species compensate for increased body mass.
It is important to note that our study faced some limitations in its ability to address these issues. First, more samples per species will better address the impact of intraspecific variability on our results. As stated earlier, we erred on the side of caution and followed the recommendations of Nunn and Barton (2001) and O'Neill and Dobson (2008) in using species means and phylogenetic statistical methods to examine trabecular scaling patterns and mutual associations among strepsirhines. Although it has not been shown that phylogeny strongly influences trabecular bone architecture, the converse is also true; trabecular bone architecture has not been shown to be independent of phylogeny. Our choice to use species means in our regressions was also driven by the fact that we lacked associated body masses with the majority of these specimens. The impact of species means on regressions is that they do not take into account individual variation. However, the variability in our data, especially for key bone mechanics measurements such as Tb.BV/TV, DA, Ct.Th, and Tb.N are low to modest in magnitude, but others such as Conn.D and Tb.BV appear high. Moreover, levels of variation in our data compare favorably with published data on trabecular bone in strepsirhines (MacLatchy and Mü ller, 2002; Ryan and Ketcham, 2002) . These patterns of intraspecific variation should not be unexpected for typical primate comparative analyses where animals of different ages and sexes are combined. Recognizing this limitation, in several circumstances and where the data and methods allowed, we corroborated our results by performing analyses on individual data and those results consistently confirmed species means trends. Nevertheless, we recognize that these results need further confirmation using more species and larger sample sizes per species to confirm (or reject) the results we report here. Second, we examined an important load bearing structure in the vertebral column, but we did not analyze features of the posterior processes and zygopophyses, that bear a share of the spinal loads (e.g., extension, Lorenz et al., 1983) . As a result, we may have missed an important mechanical signal. Third, we examined the properties of one vertebral level whereas an analysis of different vertebral levels may also shed light on mechanical loading influences on bone morphology. Next, we designed this study to look at scaling patterns across a broad array of strepsirhines. A more focused study targeting related species engaging in a narrower array of positional behaviors might be better designed to assess adaptation in bone to body mass increases. However, we believe the analyses presented here lay the groundwork for just such a study. Lastly, it may very well be the case that discrete analyses of bone variables will have little power to answer the questions we are trying to answer. Discrete analyses do not consistently distinguish locomotor groups at all sites (e.g., proximal femur in anthropoids) and fail to appreciate the synergy between tissue types and different features contributing to bone strength. Ultimately, to better understand whole bone scaling patterns, integrated analyses including trabecular and cortical bone tissues as well as architectures and tissue density will need to be incorporated (e.g., Ryan and Shaw, 2012) to fully understand interspecific relationships between bone and body mass in the vertebral column.
APPENDIX
Below is the phylogeny used in this study, reported in Newick format. (((((mr:8.9,mm:8.9 
